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ABSTRACT
Tens of early-type galaxies have been recently reported to possess prolate rotation of the stellar component, i.e.
significant amount of rotation around the major axis, including two cases in the Local Group. Although expected
theoretically, this phenomenon is rarely observed and remains elusive. We study its origin using the population of
well-resolved galaxies in the Illustris cosmological simulation. We identify 59 convincing examples of prolate rotators
at the present time, more frequently among more massive galaxies, with the number varying very little with redshift.
We follow their evolution back in time using the main progenitor branch galaxies of the Illustris merger trees. We find
that the emergence of prolate rotation is strongly correlated with the time of the last significant merger the galaxy
experienced, although other evolutionary paths leading to prolate rotation are also possible. The transition to prolate
rotation most often happens around the same time as the transition to prolate shape of the stellar component. The
mergers leading to prolate rotation have slightly more radial orbits, higher mass ratios, and occur at more recent
times than mergers in the reference sample of twin galaxies we construct for comparison. However, they cover a wide
range of initial conditions in terms of the mass ratio, merger time, radiality of the progenitor orbits, and the relative
orientations of progenitor spins with respect to the orbital angular momenta. About half of our sample of prolate
rotators were created during gas-rich mergers and the newly formed stars usually support prolate rotation.
Keywords: galaxies: evolution — galaxies: interactions — galaxies: peculiar — galaxies: kinematics
and dynamics — galaxies: structure
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1. INTRODUCTION
Peculiar kinematics of galaxies, such as a kinemat-
ically decoupled component or misalignment between
kinematic and photometric axes, can carry valuable in-
formation on the evolution of galaxies. In this paper,
we focus on the phenomenon of prolate rotation of the
stellar component. This type of rotation is also often re-
ferred to as ‘minor-axis rotation’, since observationally
it is detected as a gradient of the mean line-of-sight ve-
locity along the minor axis of the projected image of the
galaxy. Such a gradient indicates rotation around the
3D major axis and an ellipsoid rotationally symmetric
around the major axis is by definition prolate. This is
the origin of the designation ‘prolate rotation’, although
the situation is probably more complicated as galaxies
are generally expected to be triaxial. Theoretical studies
of the dynamics of triaxial ellipsoids have demonstrated
that rotation around the major axis is expected in terms
of the family of orbits called long axis tubes in addition
to the short axis tube orbits that rotate around the mi-
nor axis (de Zeeuw 1985).
In the present era of large spatially resolved spectro-
scopic surveys the number of galaxies with prolate rota-
tion detected in stellar kinematics is rapidly growing and
therefore the stronger is the motivation to better under-
stand this phenomenon. In a recent work, Tsatsi et al.
(2017) list 12 early-type galaxies (ETGs) known to be
prolate rotators and additional 4 galaxies with some ev-
idence for prolate rotation, although not so clear. They
also supply 8 newly-reported ETGs with prolate rota-
tion, and one candidate for a prolate rotator, from the
CALIFA Survey. About 8 more prolate rotators were
reported in the preliminary results of the M3G (MUSE
Most Massive Galaxies) survey, an ongoing project tar-
geting the most massive galaxies in the Shapley Su-
percluster and brightest cluster galaxies in rich clusters
(Emsellem, Krajnovic´, conference presentations 1 2 3).
In total we now have 20 confirmed known prolate rota-
tors and further 13 promising candidates among massive
galaxies. Prolate rotation, or minor-axis velocity gradi-
ents, are also observed in the bulges of early-type spirals
(e.g., Bertola et al. 1999; Falco´n-Barroso et al. 2003) or
barred galaxies (e.g. Jarvis et al. 1988).
Additional cases of prolate rotators have been found
among the Local Group dwarf galaxies in which the kine-
1 http://www.astroscu.unam.mx/galaxies2016/
presentaciones/Miercoles/Cozumel2016_Emsellem.pdf
2 https://www.eso.org/sci/meetings/2015/
StellarHalos2015/talks_presentation/emsellem_M3G.pdf
3 http://www.sr.bham.ac.uk/footsteps15/talks/day4/
Krajnovic_footsteps2015.pdf
matics has been determined using spectroscopic studies
of resolved stars. The satellite of M31, Andromeda II is
a classical dwarf spheroidal galaxy for which Ho et al.
(2012) reported a strong rotation signal along the minor
axis, comparable in magnitude to the velocity disper-
sion. In a more thorough analysis of the same data,
del Pino et al. (2017) identified two kinematically dif-
ferent populations in this dwarf, one dominated by old
stars with clear prolate rotation and another, composed
mostly of intermediate-age stars, that appears to rotate
around the optical minor axis. Recently, Kacharov et al.
(2017) detected prolate rotation in Phoenix, a transi-
tion type dwarf (i.e. a galaxy that displays intermedi-
ate properties between a dwarf irregular and a dwarf
spheroidal).
The origin of dwarf spheroidals is still not well under-
stood. Due to their low surface brightness, spatially and
kinematically resolved observations are restricted to the
limited number of Local Group spheroidals and cosmo-
logical simulations usually do not have enough resolu-
tion on such small scales. This motivated the studies of
the origin of dwarf spheroidals based on controlled sim-
ulations of their tidal evolution around a bigger galaxy
(Mayer et al. 2001). While mergers between normal-size
galaxies are a generally accepted channel of their for-
mation (e.g. Naab et al. 2014), collisions between dwarf
galaxies are believed to be rather rare, but still expected
from the cosmological simulations of the Local Group
(Klimentowski et al. 2010; Deason et al. 2014). The
observed prolate rotation of Andromeda II and Phoenix
could be an exceptional indicator of a past major merger
of dwarf galaxies.
In our previous work,  Lokas et al. (2014) and Ebrova´
&  Lokas (2015), we showed that it is rather impossi-
ble to obtain prolate rotation in pure tidal stirring sce-
nario in which the satellite is transformed from disky to
spheroidal by the tidal forces of the host galaxy (see also
 Lokas et al. 2015). However, we reproduced the observed
kinematics of Andromeda II in controlled, self-consistent
simulations of mergers between equal-mass disky dwarf
galaxies on a radial, or close-to-radial orbit. Fouquet
et al. (2017), reproduced even more observables by in-
cluding gas dynamics, star formation and ram pressure
stripping. Recently Tsatsi et al. (2017) examined the
formation of prolate rotators in dry polar mergers of
disky progenitors with different bulge-to-disk mass ra-
tios.
It is desirable to understand not only the possible
mechanisms of the genesis of prolate rotation, but also
to identify the pathways that actually take place in the
Universe. For this purpose, we take advantage of pub-
licly available data from the Illustris project (Vogels-
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Figure 1. Maps of the stellar surface density and the mean line-of-sight velocity for galaxy-1, our best example of prolate
rotator selected from Illustris. The columns show the views along the minor (left), intermediate (middle) and major (right) axis
of the stellar component. The range on the axes corresponds to [-rmax, rmax], see Table 1.
berger et al. 2014a; Nelson et al. 2015), a large-scale
(106.53 Mpc3 periodic box) cosmological simulation fol-
lowing the evolution of dark matter and different bary-
onic components from redshift z = 127 up to the present
time, using AREPO moving-mesh code (Springel 2010).
We use only the Illustris-1 run which has 6 × 109 ini-
tial hydrodynamic cells with the mean mass of a bary-
onic particle 1.6 × 106 M at the end of the simulation
and 6 × 109 dark matter particles with a particle mass
6.3 × 106 M. The particle data for 134 snapshots be-
tween redshifts 14 and 0 are publicly available, as well
as subhalo catalogs and merger trees (Rodriguez-Gomez
et al. 2015). The access to the formation and merger his-
tory of the simulated galaxies enables us to explore the
origin of prolate rotation in the cosmological context.
The paper is organized as follows. In Sect. 2.1 we de-
scribe our procedure to select prolate rotators among
Illustris galaxies and basic properties of the obtained
sample. In Sect. 2.2 we examine the evolution and
merger history of our sample of Illustris prolate rota-
tors. Properties of the mergers are analyzed in Sect. 2.3
and compared with mergers of the twin reference sample
in Sect. 2.4. In Sect. 2.5 we investigate the origin of the
stellar particles that contribute to the prolate rotation.
The connection between prolate rotators and shell galax-
ies is studied in Sect. 2.6 and the detectability of prolate
rotation in different projection planes in Sect. 2.7. The
results are discussed and summarized in Sects. 3 and 4,
respectively.
2. RESULTS
2.1. Sample selection
In this work, we are interested in examining Illustris
galaxies with most of the 3D rotation of stellar particles
around the 3D major axis. We construct our selection
procedure according to this requirement, rather than in
a way directly comparable with observations. We shall
call them galaxies with prolate rotation or prolate rota-
tors although their shape may not be close to prolate in
all cases.
For the sample selection, we use the SubFind Sub-
halo catalog (Vogelsberger et al. 2014b; Nelson et al.
2015) of Illustris. In order to have sufficient resolution
for the stellar kinematics, we analyze all 7697 subhalos
with more than 104 stellar particles in the final output
(redshift z = 0) of the Illustris-1 run. We refer to those
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Figure 2. Maps of the stellar surface density and the mean
line-of-sight velocity for five additional galaxies with prolate
rotation selected from Illustris, viewed along the 3D minor
axis. The range on the axes corresponds to [-rmax, rmax] for
the respective galaxy, see Table 1.
subhalos simply as galaxies and the set of 7697 galaxies
as the global sample.
Since in our general approach we do not intend to ex-
amine the galaxies viewed from a particular line of sight,
we need to define a unified 3D radius, within which we
are going to analyze the kinematics of the galaxies. A
sufficient and simple way, which gives reasonable values
of radius for all galaxies, is to choose some limiting den-
sity. For each galaxy we define rmax as the radius at
which the average 3D stellar density in a shell between
0.8rmax and 1.25rmax is equal to 1.4 × 104 M kpc−3.
To eliminate the effects of different projection planes,
we took 31 most spherical galaxies and computed their
surface brightness in V band including all stellar par-
ticles associated with the galaxy. The typical surface
brightness at the projected radius rmax is 29.5 (29.0)
mag arcsec−2 for the mass-to-light ratio of 5 (3). We
do not consider any type of extinction. This value
of the surface brightness is beyond the capability of
the present-day IFU spectroscopic surveys, but stars at
higher radii, that are along the line of sight, also con-
tribute to the spectroscopic measurements and we do
not want to exclude them all by cutting at some lower
3D radius.
For the global sample of 7697 galaxies, rmax ranges
from 188 to 5 kpc with the median at 29.2 kpc; the stellar
mass inside rmax falls between 208.8 × 1010 and 0.6 ×
1010 M with the median at 2.1 × 1010 M. Note that
while at the high-mass end the size distribution of the
simulated galaxies matches the observed one quite well,
the physical extent of less massive galaxies in Illustris
can be a factor of a few larger than observed (Snyder
et al. 2015).
Centers of the galaxies are computed iteratively using
stellar particles inside a sphere with a gradually decreas-
ing radius until the sphere contains one third of the total
stellar mass. We find principal axes of the galaxies using
the inertia tensor and compute the angular momentum
of stellar particles in the coordinate system defined by
the principal axes, where x, y, and z is the major, in-
termediate, and minor axis. We perform this procedure
inside a sphere of radius 0.25, 0.35, 0.5, 0.7, and 1 rmax
so that the principal axes and angular momenta are de-
termined using only stellar particles inside the respective
radius. We select galaxies with (Lx/Ltot)
2 > 0.5 for all
five radii, where Lx is the x-component of the angular
momentum and Ltot is its absolute value. This way, we
choose only well-established prolate rotators that have
most of their rotation around the 3D major axis on both,
small and large galactocentric radii. The criterion is sat-
isfied by 59 out of 7697 galaxies and we select these 59
galaxies as our sample of Illustris prolate rotators. If we
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Figure 3. Mean line-of-sight velocity and velocity dispersion profiles measured along the major and minor projected axis in
the xy plane for our six selected Illustris galaxies with prolate rotation. For each panel, the horizontal axis is plotted in the
units of the value of rmax for the respective galaxy, see Table 1.
Table 1. Properties of six selected Ilustris galaxies with prolate rotation
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15)
galaxy line color # rmax M(rmax) fg0 T Lmin tKT tST tM Ms/Mp fgM N P
[kpc] [1010 M] [Gyr] [Gyr] [Gyr]
galaxy-1 red 451304 32.5 2.2 0.38 0.90 0.89 4.17 4.34 4.17 0.69 0.64 1 0.93
galaxy-2 blue 510126 26.4 1.0 0.59 0.96 0.89 5.44 13.00 4.17 0.35 0.81 2 0.87
galaxy-3 green 466861 27.7 1.5 0.44 0.93 0.90 6.89 13.00 7.02 0.93 0.72 2 0.84
galaxy-4 orange 273741 64.7 17.9 0.01 0.88 0.91 3.09 4.17 2.25 0.41 0.04 2 0.70
galaxy-5 violet 387053 38.3 5.7 0.12 0.89 0.92 5.13 6.07 4.98 0.40 0.33 1 0.80
galaxy-6 cyan 204398 45.6 11.1 0.01 0.90 0.95 4.50 4.50 4.17 0.98 0.22 3 0.80
Note— (1) adopted galaxy name; (2) line color used in some graphs for the respective galaxy; (3) SubFind ID; (4) rmax, the
radius inside which the galaxy is analyzed at z = 0, see Sect. 2.1; (5) M(rmax), the stellar mass inside rmax at z = 0; (6)
fg0, gas fraction at z = 0; (7) T , triaxiality parameter, where T = 0 for the oblate shape and T = 1 for the prolate one; (8)
Lmin, the minimum value of (Lx/Ltot)
2 inside rmax, where Lx is the major-axis component of the angular momentum, see
Sect. 2.1; (9) tKT, the look-back time of the kinematic transition into prolate rotation; (10) tST, the look-back time of the
shape transition towards prolate shape; (11) tM, the look-back time of the last significant merger, see Sect. 2.3; (12) Ms/Mp,
the mass ratio of the merger; (13) fgM, the postmerger gas fraction; (14) N , the number of significant mergers during last
10 Gyr; (15) P , probability to detect prolate rotation (for the default set of thresholds, see Sect. 2.7).
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Figure 4. Comparison of the stellar mass distribution of
the prolate rotators with the global sample. The distribution
of the global sample is normalized to the same total number
as for the prolate rotators.
set the threshold for (Lx/Ltot)
2, at all five radii, to 0.4,
0.3, 0.2, and 0.1, we would obtain samples of 74, 110,
153, and 254 galaxies, respectively.
Fig. 1 shows an example of a well-ordered, regular
prolate rotator from our sample of 59 galaxies, which
we name galaxy-1, viewed along all three principal axes.
This galaxy, with rmax = 32.5 kpc and M(rmax) =
2.2 × 1010 M, belongs to the lower end of the mass
range of the global sample. Fig. 2 shows the surface
density and kinematics in the xy plane of additional 5
galaxies selected from our sample of prolate rotators.
The mean line-of-sight velocity and velocity dispersion
along the major and minor projected axis in xy plane
(computed in 11 bins as described in Sect. 2.7) for the
six selected galaxies is displayed in Fig. 3. Lower-mass
galaxies are on the left-hand side, more massive galax-
ies on the right. Both groups have no or little rotation
along the major axis and clear rotational signal along
the minor axis. The maximum value of this prolate ro-
tation is similar for low- and high-mass galaxies but the
dispersion increases with the mass of a galaxy and it
is much higher for massive galaxies. According to the
Faber-Jackson law, the relation between the luminosity
and the central stellar velocity dispersion of elliptical
galaxies is a power-law with an index around 4 (Faber
& Jackson 1976). Basic properties of the galaxies are
listed in Table 1.
The six example galaxies are drawn from twelve galax-
ies with the highest values of (Lx/Ltot)
2. We performed
a visual inspection of the maps of the mean line-of-sight
velocity of those twelve galaxies viewed along all three
principal axes. We selected galaxies that appear to have
the most regular prolate rotation, with the requirement
Table 2. Evolution of the fraction of
prolate rotators with redshift
(1) (2) (3) (4) (5)
z t [Gyr] Ng Npr fpr
0.0 0.00 7697 59 0.77 %
0.2 2.43 7061 57 0.81 %
0.4 4.34 6414 57 0.89 %
0.6 5.79 5788 58 1.00 %
0.8 6.89 5196 44 0.85 %
1.0 7.84 4671 52 1.11 %
Note— (1) redshift; (2) look-back
time; (3) number of galaxies with
more than 104 stellar particles; (4)
number of prolate rotators; (5) frac-
tion of prolate rotators.
of having three examples from lower-mass end of the
global sample ((1–5)×104 stellar particles) and three
massive galaxies (more than 5× 104 stellar particles).
The first noticeable feature of our sample of prolate
rotators is its mass distribution. Fig. 4 compares the
distribution of stellar mass inside rmax at redshift z = 0
for the prolate rotators with the global sample of 7697
galaxies. The global sample is normalized to the sample
of prolate rotators. In comparison with the global sam-
ple, the prolate rotators are clearly biased towards more
massive galaxies.
We tested whether the mass distribution of prolate
rotators is not affected by the fact that less massive
galaxies have inferior resolution of the shape and kine-
matics due to a lower number of particles. We repeated
the selection procedure (see above) on all 7697 galaxies,
but this time with only 104 random stellar particles for
each galaxy. With this reduced number of particles, 57
galaxies would be classified as prolate rotators and 54 of
these galaxies are identical to the galaxies selected using
all stellar particles. We consider this to be a reasonable
agreement and keep our original sample of 59 prolate
rotators for further analysis.
We repeated the procedure described above to select
prolate rotators from several Illustris snapshots at higher
redshifts (up to z = 1). The results are summarized
in Table 2. The fraction of prolate rotators is slightly
increasing with redshift but not very convincingly with
such a low numbers of galaxies. For the rest of the paper,
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Figure 5. Evolution graph for galaxy-1 (see Fig. 1), which went through just one significant merger during the last 10 Gyr.
Top: Relative distance of the primary and secondary galaxy. The color codes the stellar mass ratio at each snapshot. Bottom:
Evolution of (Lx/Ltot)
2 and triaxiality.
we restrict the analysis to the prolate rotators classified
as such in the last snapshot (z = 0).
2.2. Evolution of prolate rotators
We investigated the history of all our 59 prolate rota-
tors in order to determine scenarios most likely leading
to the formation of galaxies with this property, in par-
ticular to see whether there is a connection to mergers
and if so, what are the properties of such mergers.
We analyze the properties of the main progenitor
branch galaxies of the Illustris SubLink merger trees
(Rodriguez-Gomez et al. 2015) for the sample of 59
prolate rotators. The analyses are done on stellar
particles associated with the galaxy by SubFind algo-
rithm as provided by the Illustris project. We com-
pute (Lx/Ltot)
2 and the triaxiality parameter T in-
side a sphere of radius rmax for all outputs during the
last 13 Gyr. The triaxiality parameter, T , is defined as
T = [1 − (b/a)2]/[1 − (c/a)2], where b/a is the interme-
diate to major axis ratio and c/a is the minor to major
axis ratio computed as the ratio of the respective eigen-
values of the tensor of inertia. In this sense, our axis
ratios do not refer to any particular isodensity contour
but rather the overall stellar mass distribution inside
rmax. When T is lower than 1/3 the galaxy is rather
oblate, values greater than 2/3 indicate a prolate shape,
and when T falls between these values the galaxy has a
triaxial shape.
From the branches of the next progenitors (secon-
daries) of the SubLink trees, we select only galaxies that:
(1) have at least 10 % of the baryonic mass of the pri-
mary in at least two subsequent snapshots during the
last 20 snapshots before the merger, and (2) merged
with the primary during the last 10 Gyr (e.g. between
redshifts 1.8 and 0). The look-back times are computed
with the cosmological parameters consistent with the
WMAP-9 measurements (Hinshaw et al. 2013) as these
parameters are also adopted in the Illustris simulation.
The average value of the time spacing between snapshots
is 156 Myr during the last 10 Gyr of the simulation.
Fig. 5 shows the evolution of the shape and kinemat-
ics of galaxy-1 (Fig. 1) in the lower panel. Only one
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Figure 6. Different stages of the major merger suffered by galaxy-1 (see Fig. 1). The xy plane corresponds to the collision
plane. Left column: the surface density; middle and right column: the mean line-of-sight velocity in two different projections.
The look-back time for each snapshot is indicated on the right.
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secondary satisfied our selection criteria and the evolu-
tion of its distance to the primary and their stellar mass
ratio is illustrated in the upper panel. Several stages of
the merger are shown in Fig. 6.
Following the evolution of all 59 galaxies back in time
from redshift z = 0, we define the time of kinematic
(shape) transition of a galaxy towards prolate rota-
tion and shape as the time of the snapshot in which
(Lx/Ltot)
2 (T ) drops under 0.4 (0.5) for the first time
and stays under this value in the preceding snapshot as
well. We use the threshold value of 0.4 for (Lx/Ltot)
2 be-
cause it seems to correspond well to the transition from
disky rotation. Two galaxies have T < 0.5 at z = 0. We
search for the transition time for those two galaxies back
from the last time where they had T > 0.5. The time of
the merger is defined as the look-back time of the first
snapshot in which the branch of the secondary does not
exist in the merger tree anymore. Our galaxy-1 experi-
enced the merger 4.17 Gyr ago. The time of the merger
is the same as the inferred time of kinematic transition
and the shape transition happened just 0.17 Gyr earlier
(see Table 1 and Fig. 5).
Premerger quantities are measured when the two pro-
genitors are separated by a distance greater than 5rmax
for the last time in their history. Such a distance roughly
corresponds to the point of the first infall, when the
galaxies have not yet started to strip the baryonic mass
from each other. For progenitors that never reached
such a separation, we take the measurements at the
point of their greatest distance. As a measure of mass
we take as usual the stellar mass inside a sphere of ra-
dius rmax. The mass ratio of the merger is the premerger
mass of the less massive progenitor divided by the mass
of the other one, regardless of whether the more massive
galaxy is formally called a primary (i.e. comes from the
main progenitor branch) or a secondary (i.e. comes from
the branch of the next progenitor).
Fig. 7 shows correlations between the time of the
shape and kinematic transition and the time of the last
significant merger for all 59 prolate rotators. As a sig-
nificant merger we denote mergers with mass ratio 0.1
and higher. None of the galaxies retains prolate rotation
for the whole reference period. In fact, only one galaxy
maintains prolate rotation for longer than 7 Gyr (specif-
ically 11.4 Gyr), while the majority of the sample rotate
in the prolate way for less than 3 Gyr in a row. The
circle size in the plots corresponds to the stellar mass
and its color to the gas fraction (i.e. the mass of gas
particles divided by the mass of all baryonic particles).
The massive galaxies are practically devoid of gas and
show a rather prominent correlation between the times
of the shape and kinematic transition. For the vast ma-
jority of the sample, the transition of the shape happens
around the time of the kinematic transition or earlier.
Four galaxies did not experience any merger with mass
ratio of at least 0.1 during the last 10 Gyr and they are
displayed at the merger time of 13 Gyr. Apart from
these four galaxies, additional 15 have the time differ-
ence between the merger and the kinematic transition
greater than 1 Gyr. This leaves 40 out of 59 galaxies
with the times of the merger and the kinematic transi-
tion well correlated. The other 19 cases are discussed in
detail in Sect. 3.
The time of the shape transition is less tightly cor-
related with the kinematic transition (top left panel of
Fig. 7) and it is also less correlated with the time of
the merger (bottom right panel of Fig. 7). When the
shape transition does not happen during the last signifi-
cant merger, it took place earlier (with just two or three
exceptions).
There seem to be two populations of prolate rota-
tors. The first population was born with a rather pro-
late shape or transitioned to it very early (more than
10 Gyr ago) and managed to maintain the shape while
the kinematics caught up later (mostly during a merger
event). The other population changed the shape less
than 8 Gyr ago usually during a merger but not nec-
essarily during the same merger as the kinematics. In
some cases there is a shape transition during an ear-
lier pericentric passage of the secondary that eventually
probably caused the kinematic transition. In such cases,
the shape transition can happen 1 or 2 Gyr prior to the
kinematic transition but both can still be related to the
same merger event. Apparently galaxies (at least in Il-
lustris) are often born with a little elongated shape and
even when they are rather flat, it is then easier to make
them change their shape into prolate or triaxial than to
change their kinematics. This means that often, even
when the galaxy is elongated, it still can have most of
its rotation around the short axis.
In addition, some of our 59 galaxies went through a
period of prolate rotation in their past but gradually (in
peaceful times) or abruptly (during a merger) switched
to the oblate rotation until they were disrupted again
so they could become a prolate rotator in our sample.
Often, but not always, these changes from prolate to
oblate rotation are followed also by the flattening of the
shape.
The prolate or triaxial shape seems to be easier to
evoke and maintain than the prolate kinematics. While
the shape can hold through some mergers, the prolate
kinematics very rarely survives such a violent event. The
prolate or triaxial shape (T > 1/3) seems to be a neces-
sary condition for prolate rotation but it does not have
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the third root of the stellar mass of the galaxies at redshift z = 0. Colors reflect the gas fraction of the galaxies at z = 0.
to be accompanied by the prolate kinematics and prob-
ably more often it is not. Thus we are going to concen-
trate on the kinematic transition that seems to be more
connected to the last significant merger.
2.3. The last significant merger
In order to see which conditions most likely lead to
the formation of prolate rotators, we examine the last
significant mergers (i.e. with the mass ratio of at least
0.1) in more detail. We have 55 of such events since 4
galaxies in our prolate sample did not experience any
significant merger. For 15 galaxies the time of the last
significant merger does not agree with the time of the
kinematic transition, leaving us with a subsample of 40
well-correlated mergers.
For some galaxies, even when there is a good time
correlation between the merger and the kinematic tran-
sition, there are hints that the last merger is not (solely)
responsible for the transition. In approximately 9 cases,
there are actually two (even three in one case) secon-
daries merging during the same period and it would
be next to impossible to disentangle the role of each
progenitor in this incident. The progenitors also prob-
ably highly alter their initial direction and velocities
during such a merger. For about the same number of
cases, there are subsequent mergers more separated in
time and space but it seems that the primary was pre-
processed by the previous disturbance of its shape and
kinematics so it could eventually become the prolate ro-
tator during the last merger. Moreover, in two or three
cases the primary had an established prolate shape and
rotation before the last merger. The merger just caused
a temporary drop in the values of (Lx/Ltot)
2 (and T ) so
that the time of the transition coincides with the time
of the last merger.
For these reasons, we also selected a small subsample
of 7 isolated mergers associated with an abrupt tran-
sition from a rather oblate shape and practically zero
(Lx/Ltot)
2 to a conspicuous prolate shape and rotation.
We refer to them as ‘golden 7’. These seven mergers
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seem to most convincingly engender the prolate rotators
without excessive disturbance from any other nearby sig-
nificantly massive galaxy. Two of our six initial exam-
ple galaxies (Table 1), galaxy-1 and galaxy-6, are also
in the golden 7 sample. The other four of these six
have more complicated formation/merger histories but
also end up as well-ordered prolate rotators (see Fig. 2).
Fig. 8 illustrates the evolution of (Lx/Ltot)
2 and triax-
iality of golden 7 galaxies. The timescales of the plot
were shifted so that zero matches the time of the last
significant merger. Since all 7 galaxies had no signifi-
cant merger for at least 3.5 Gyr before the last one, there
is an apparent general trend for the galaxies to form a
progressively flatter and flatter disk during this period.
Figs. 9 and 10 present histograms of the properties of
all last significant mergers with overplotted histograms
of the two subsamples: 40 well-correlated mergers and
the golden 7. Except for the merger time and gas frac-
tion, the properties are calculated from the stellar par-
ticles at the pre-merger moment when galaxies are still
well separated as described in Sect. 2.2. The postmerger
gas fraction is taken from the first snapshot in which the
secondary progenitor does not exist anymore. In the
histogram of merger mass ratio, the bin of 0–0.1 is not
occupied by construction (since we exclude such minor
mergers), but there is still apparent lack of mergers at
the lower mass ratio end while generally minor mergers
should be more frequent. The well-correlated sample is
slightly shifted towards more recent mergers in compar-
ison with the sample of all 55 last significant mergers.
This is naturally reflected in the gas fraction being on
average higher for non-correlated mergers. Otherwise,
the gas fraction during the merger does not seem to play
a key role in the creation of prolate rotators. It seems
to follow expected trends: for lower-mass galaxies and
early mergers the gas fraction is high independently of
whether the merger time correlates with the kinematic
transition. Massive galaxies tend to have low gas frac-
tion quite early in their evolution. All six most massive
galaxies in our sample (stellar mass > 4×1011 M) have
the postmerger gas fraction of only 1–2 % with the last
significant merger taking place 0.8–5.4 Gyr ago.
In Fig. 10 we examine three angles: α(D,V ), the an-
gle between the line connecting the centers of the merger
progenitors and their relative velocity; α(Lp, Lo), the
angle between the spin of the primary (i.e. the angular
momentum of stars in the galaxy) and the orbital an-
gular momentum of the merging progenitors; α(Ls, Lo),
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Figure 9. Histograms of the properties of all 55 last sig-
nificant mergers for the prolate rotators with the subsamples
of 40 well-correlated mergers and the golden 7 overplotted.
the same as previous but for the secondary progenitor.
The histograms are made for bins of equal width in the
cosine of the angles to account for the solid angle of the
same size.
Generally in cosmological simulations, mergers with
high eccentricity are favored, but our sample seems to be
even more biased towards radial mergers (see Sect. 2.4
and the top left panel of Fig. 13). There is no clear trend
for the orientation of galactic spins with respect to the
orbital angular momentum of the two merging galaxies.
The anti-parallel arrangement seems to be slightly dis-
 0
 5
 10
 15
 20
 25
 30
 35
 40
 45
 0  0.2  0.4  0.6  0.8  1
nu
m
be
r o
f g
al
ax
ie
s
premerger cos[α(D,V)]
55
40
7
 0
 2
 4
 6
 8
 10
-1 -0.5  0  0.5  1
nu
m
be
r o
f g
al
ax
ie
s
premerger cos[α(Lp,Lo)]
 0
 2
 4
 6
 8
 10
 12
-1 -0.5  0  0.5  1
nu
m
be
r o
f g
al
ax
ie
s
premerger cos[α(Ls,Lo)]
Figure 10. Same as Fig. 9, but for other properties of the
mergers.
favored but it could be just a fluctuation or an imprint
of larger-scale structures. For the golden 7, the angles
are distributed practically uniformly.
There is a strong correlation between the direction of
the line connecting the centers of the progenitors at the
last snapshot before the merger, Dmerger, and the direc-
tion of the major axis of the galaxy two snapshots after
the merger, Xpostmerger, as illustrated in the top panel of
Fig. 11. At the same time, as shown by the middle panel
of Fig. 11, most of the galaxies significantly changed the
orientation of their major axis during the merger. This
means that the major axis of the merger remnant is set
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Figure 11. Same as Fig. 9, but for other properties of the
mergers.
by the direction from which the progenitors approach
each other at the end of the merger. It is actually some-
thing that can be expected especially for a set of mostly
major mergers with highly eccentric orbits. Apart from
a few cases, the major axis is well established just after
the merger and only slowly changes its direction (with
respect to the coordinate system of the simulation). In
spite of the fact that the orbits of the merger progenitors
are strongly radially biased, there is no strong correla-
tion between the incoming direction of the secondary be-
fore the first approach, Dpremerger, and the future major
axis of the merger remnants, Xpostmerger, as seen in the
bottom panel of Fig. 11. We also compared the orienta-
tion of spins of the progenitors before the merger with
the orientation of the major axis just after the merger.
One would expect that prolate rotation emerges when
the spin of the progenitor is rather parallel to the fu-
ture major axis, but our data do not seem to confirm
these expectations. Especially the golden 7 cover a wide
variety of spin angles.
In other words, the formation of prolate rotators via
a merger event seems to be related to the final stages
of the merger that depends on the details of the merger
evolution and are not easily inferable from the initial
conditions of the merger.
2.4. Comparison with a twin sample
In order to investigate whether the mergers leading
to prolate rotation are special in some sense, we need
to compare them with those happening to the global
sample of galaxies. Since the mass distribution of the
sample of prolate rotators differs significantly from the
mass distribution of all 7697 galaxies (Fig. 4), it is not
sufficient to compare the properties of these two sam-
ples. Most differences would be probably caused just by
the general differences in the evolution of galaxies of dif-
ferent masses. In addition, since we analyze full merger
trees and the particle data of primary galaxies and many
secondaries for many outputs, it is not feasible to repeat
the whole procedure for a large sample of galaxies. This
led us to construct a twin sample of 59 Illustris galaxies.
For each galaxy from the sample of prolate rotators, we
pick a galaxy from the remaining 7638, that is similar
in mass, size, and minor-to-major axis ratio.
During the processing of the stellar particle data from
the last snapshot (z = 0) for all 7697 galaxies, we also
performed simple fitting of 3D density with both Hern-
quist and Jaffe profiles (Hernquist 1990; Jaffe 1983).
Only some fraction of galaxies has reasonable values of
the fitted scale radius (about 3/4 for Hernquist profile
and 1/2 for Jaffe profile). The values of Hernquist and
Jaffe scale radius, when expressed in units of the effec-
tive radius, are consistent for the same galaxy (within
20 % difference) only for about 26 % of the global sam-
ple. In general, the unsightly value of the fitted scale
radius can indicate, at least in some cases, that some-
thing odd is happening to the galaxy. The sample of
prolate rotators has quite reasonable scale radii for all
galaxies for Hernquist fits and all but three have rea-
sonable values for Jaffe profiles (although they are not
always within 20 % difference). For these reasons, we
require for the twin galaxies to have a believable scale
radius at least for the Hernquist profile.
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Figure 12. Distribution of the triaxiality parameter and the gas fraction at z = 0 for the global sample, prolate rotators, and
the twin sample. The global sample is normalized to have the same total number of galaxies as the other two samples.
In a bin of ±2 % stellar mass difference centered on
the mass of a given prolate rotator, we choose the best-
matching galaxy within a 10 % difference in minor-to-
major axis ratio and 20 % difference in rmax value. In
a few cases we were not able to find any suitable twin
galaxy and we had to expand these boundaries.
By construction, the twin sample and the sample of
prolate rotators have similar mass distributions with a
higher percentage of massive galaxies in comparison to
the global sample (Fig. 4). The distribution of the tri-
axiality parameter, T , and the gas fraction in the last
snapshot (z = 0) is depicted in Fig. 12. Prolate ro-
tators have also a prolate shape with a few exceptions
of triaxiality around 0.5. The twin sample covers the
whole range of shapes with slightly more prolate galax-
ies when compared with the global sample. Both, the
prolate rotators and their twins, have higher ratio of gas-
poor galaxies since the more massive galaxies are more
likely to be gas-poor.
For the twin sample, there are less mergers satisfying
criteria described in Sect. 2.2. Prolate rotators experi-
enced 139 such mergers while the twins just 100. This
supports the idea that some prolate rotators were cre-
ated by adding impacts of two (or more) subsequent
mergers. Fig. 13 compares the quantities for the last
significant merger of the two samples. The twin sam-
ple has only 40 such mergers compared to 55 of prolate
rotators. As expected from the general distribution of
merger parameters in cosmological simulations, the twin
sample is also biased towards more radial mergers but
the fraction of galaxies in the most radial bin is signifi-
cantly higher for prolate rotators. The prolate rotators
show also more recent mergers and less mergers with
lower mass ratio. Accordingly, the postmerger gas frac-
tion is on average higher for the twin sample: 44 % of
prolate rotators and 60 % of twins have the gas fraction
grater than 0.5 at the end of the merger.
We do not show histograms of the orientation of spins
of progenitors with respect to the orbital angular mo-
menta. The twin sample also does not show any clear
trend and has a similar distribution to the prolate rota-
tors. Both samples seem to mildly disfavor antiparallel
orientation, at least for the spin of the primary galaxy.
Similarly to prolate rotators (Fig. 11), the twin sam-
ple shows a strong correlation between the direction of
the postmerger major axis and the direction to the sec-
ondary at the end of the merger, but with lower fraction
of the smallest angles (87 % for prolate rotators and 70 %
for twins).
2.5. Disentangling contributions to prolate rotation
Here we investigate the origin of the stellar particles
that contribute to the prolate rotation at z = 0. For the
40 galaxies with well-correlated time of the kinematic
transition and the time of the last significant merger,
we divide the stellar particles taking part in this merger
into four groups: (1)/(2) particles belonging to the pri-
mary/secondary before the merger when the galaxies
were still well separated, (3) new particles formed after
the end of the merger, and (4) the rest, which consists
of particles mostly born during the merger but this cat-
egory may also include stars created before the merger
outside the primary and the secondary and only later
accreted.
We compute the relative contribution of these groups
to the x-component of the angular momentum as
±(Li/Lx)2. The quantity is negative for counter-
rotating particles, x is coincident with the 3D major
axis of the galaxy, and Li is the x-component of the
angular momentum of the respective group. We find
that 26 galaxies have (Li/Lx)
2 > 0.5 for one group: 13
primary, 3 secondary, 9 new, and 1 rest. For the galax-
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Figure 13. Histograms of the properties of all 55 last significant mergers for the prolate rotators compared to the 40 last
significant mergers of the twin sample.
ies where new stars dominate, the prolate rotation still
could have emerged from older stars at the time of the
merger, but new stars were formed on circular orbits
consistent with the prolate rotation and gradually took
over.
One would expect that when the premerger angular
momentum of the primary progenitor is aligned with
the postmerger major axis, the prolate rotation would
come mostly from the particles of the primary. Indeed,
7 galaxies with those quantities most aligned also have
(L1/Lx)
2 > 0.5. On the other hand, the galaxy with the
most perpendicular orientation (89.1◦) has, counterintu-
itively, (L1/Lx)
2 = 0.95. This galaxy, however, has lost
most of its rotation during the merger and shows only
weak overall rotation at z = 0. Three galaxies with
dominant primary particles even have (L1/Lx)
2 > 1
due to counter-rotating particles from the secondary
(−0.14 < (L2/Lx)2 < −0.46) and, in one case, also
from the new stars ((L1/Lx)
2 = −0.11). Among all 40
galaxies, there are 12 with one counter-rotating group
with (Li/Lx)
2 < −0.05 and one with two such groups.
Interestingly, 5 of the golden 7 galaxies belong to this
collection.
Fig. 14 shows the separated contributions of differ-
ent groups of particles for galaxy-1 and for one of our
59 prolate rotators with a weak counter-rotating com-
ponent (#277529). For galaxy-1 (see also Fig. 1 and
Table 1), new stars contribute the most to the prolate
rotation at z = 0. Stars from the primary progenitor
also show significant prolate rotation, while stars from
the secondary rotate only weakly but their distribu-
tion significantly supports the resulting elongated shape.
The galaxy #277529, shown in the right-hand panels of
Fig. 14, is a massive galaxy with rmax = 75.9 kpc and
stellar mass M(rmax) = 24.0 × 1010 M. It experienced
a recent major merger 0.79 Gyr ago with the mass ra-
tio of 0.84. The kinematic transition happened already
during the penultimate pericenter passage of the sec-
ondary 1.44 Gyr ago. The prolate rotation is almost
entirely provided by stars from the primary, while the
secondary stars rotate weakly in the opposite direction.
New stars display strong rotation, co-rotating with the
primary stars, but they are restricted to the small cen-
tral disk perpendicular to the major axis of the galaxy.
A similar feature, in the form of an elongated distribu-
tion of young stars in the central region aligned with
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Figure 14. Maps of the stellar surface density and the mean line-of-sight velocity for galaxy-1 and #277529 viewed along the
3D minor axis. The stellar particles were divided according to their origin. The range on the axes corresponds to [-rmax, rmax]
for the respective galaxy.
the projected minor axis, was reported for the Phoenix
dwarf galaxy in addition to the clear presence of prolate
rotation (Kacharov et al. 2017).
2.6. Prolate rotators and shell galaxies
As demonstrated by Fig. 14, galaxy #277529 pos-
sesses noticeable shells. Shell galaxies have been be-
lieved to result from close-to-radial minor mergers for
decades (Quinn 1984; Dupraz & Combes 1986; Hern-
quist & Quinn 1988; Ebrova´ et al. 2012), but recently
the view concerning their origin is shifting from minor
mergers to intermediate-mass (Duc et al. 2015) or even
major ones (Pop et al. 2017). Among observed galaxies,
stellar shells occur in roughly 10 % of ETGs (e.g., Ma-
lin & Carter 1983; Atkinson et al. 2013). Interestingly,
similarly to prolate rotators, shell galaxies also seem to
be more frequent among the high-mass ETGs (Tal et al.
2009). Also in Illustris shell galaxies show this trend
(Pop et al. 2017).
Because both shells and prolate rotation are (1) more
common in massive galaxies and (2) more likely to
emerge from close-to-radial mergers, we can expect pro-
late rotators to be often shell galaxies and vice versa.
Indeed, at least 10 of 25 known prolate rotators, or can-
didates for such, listed in Tsatsi et al. (2017) are shell
galaxies. Most of them are known shell galaxies (Arp
1966; Malin & Carter 1983; Jedrzejewski & Schechter
1988; Forbes et al. 1994, 1995; Duc et al. 2011; Willett
et al. 2013), a few more can be identified by the visual
inspection of SDSS images.
Among our 59 Illustris prolate rotators, at z = 0,
there are about 14 quite clear cases of shell galaxies
and other 16 possible candidates. About one third of
observed shell galaxies have the shells well aligned with
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the major axis of the galaxy (Prieur 1990). Almost all
shell galaxies from our sample of Illustris prolate rota-
tors have shells aligned with the major axis, since both,
the major axis and the axis of the shell system, are set
by the direction of the collision at the final stages of the
merger.
The visibility of the shells in Fig. 14 is enhanced be-
cause the mass of the galaxy is separated into contribu-
tions from the primary and secondary progenitor, but
they are easily distinguishable even when all stellar par-
ticles are included in one image. Let us note that for
galaxy #277529, there are noticeable shells in stars from
both, the primary and the secondary progenitor. How-
ever, a vast majority of the Illustris prolate rotators with
shells have the shells created only by stars of the sec-
ondary or have the shells from primary particles much
less visible.
2.7. Observing prolate rotators
Although our study was not designed for a direct com-
parison with the observed fraction and properties of pro-
late rotators, we try to sketch the connection to observa-
tions by studying detectability of prolate rotation for our
sample of prolate rotators in different projection planes.
When selecting our sample of prolate rotators, we took
advantage of the full 3D information available from the
simulation. In observations only projected quantities are
accessible and prolate rotation will not be detected for
all lines of sight. To quantify the detectability we need
to define some projected quantities.
For each projection, we include all stellar particles in-
side a sphere of radius 3rmax which have the projected
radius lower than rmax. Using 2D inertia tensor, we
find the principal axes of the projected galaxy and us-
ing the tensor eigenvalues, we calculate the ellipticity as
e = 1−b/a, where a and b are proportional to the length
of the major and minor 2D axis, respectively. Thereafter
we divide the particles into 11 bins equally spaced along
the minor axis ranging from −rmax to +rmax. The width
of these bins is 2.5 kpc for the smallest of our 59 prolate
rotators and 24.0 kpc for the biggest one. We retrieve
the maximum from these 11 values of the mean velocity,
VX , and the velocity dispersion, σX , along the minor
axis (i.e. the rotation around the major axis). We re-
peat the procedure with the major axis to obtain the
maximum value of the mean velocity along the major
axis, VY .
When the galaxy is projected onto the plane of its 3D
major and intermediate axes, the maximum VX ranges
between 9 and 85 km s−1 for our 59 prolate rotators,
with the average at 31 km s−1. The maximum dispersion
σX goes from 52 to 263 km s
−1 with the average value
of 100 km s−1.
Table 3. Detectability of prolate rotation
thresholds fraction
e > 0.05, VX/σX > 0.1, VX/VY > 1.0 0.72
e > 0.05, VX/σX > 0.1, VX/VY > 1.2 0.63
e > 0.05, VX/σX > 0.1, VX/VY > 1.5 0.49
e > 0.05, VX/σX > 0.2, VX/VY > 1.0 0.61
e > 0.05, VX/σX > 0.2, VX/VY > 1.2 0.54
e > 0.05, VX/σX > 0.2, VX/VY > 1.5 0.44
e > 0.1, VX/σX > 0.1, VX/VY > 1.0 0.66
e > 0.1, VX/σX > 0.1, VX/VY > 1.2 0.58
e > 0.1, VX/σX > 0.1, VX/VY > 1.5 0.46
e > 0.1, VX/σX > 0.2, VX/VY > 1.0 0.56
e > 0.1, VX/σX > 0.2, VX/VY > 1.2 0.50
e > 0.1, VX/σX > 0.2, VX/VY > 1.5 0.41
Note— Fraction of different lines of sight satisfying
given thresholds for the ellipticity, e, the ratio of the
maximum velocity along the minor axis to the maxi-
mum velocity dispersion along the minor axis, VX/σX ,
and the ratio of the maximum velocity along the minor
axis to the maximum velocity along the major axis,
VX/VY . We give the average value over 59 prolate ro-
tators for each combination of thresholds. The fraction
for the default set of thresholds is highlighted in bold.
For each of our 59 prolate rotators we generate 6414
different viewing angles equally spaced in the solid angle
covering the whole hemisphere. We tag the respective
angle of view as a detection if the projected galaxy sat-
isfies three criteria: (1) it has sufficient ellipticity, e; (2)
the rotation around the major axis, VX , is stronger than
around the minor one, VY ; and (3) the rotation around
the major axis, VX , is reasonably strong with respect to
the dispersion, σX . Similar calculations were performed
analytically by Binney (1985), who derived probabilities
for models of galaxies with a given triaxial shape to be
observed with a given projected ellipticity and a given
degree of minor-axis rotation.
Fig. 15 shows the maps of values of e, VX/VY , and
VX/σX for lines of sight covering the whole hemi-
sphere for galaxy-1. The angles (Θ,φ)=(0,0), (0,90) and
(±90,0) correspond to the view along the 3D minor, in-
termediate, and major axis, respectively. Table 3 shows
the average fraction of positive detections for all 59 pro-
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late rotators for different sets of thresholds. The success
rate for galaxy-1 ranges from 0.98 to 0.89 for the com-
binations of thresholds listed in the table. Fractions of
positive detections for the default set of cuts (e > 0.1,
VX/VY > 1.2, and VX/σX > 0.1) for all six selected
prolate rotators are listed in the last column of Table 1.
For these thresholds, the detection fraction values for
all 59 galaxies range from 0 (for a galaxy with too low
ellipticity) to 0.93 (for galaxy-1), while the average is
0.58.
3. DISCUSSION
3.1. Fraction of prolate rotators
We constructed our sample selection in order to ob-
tain a set of Illustris galaxies with a well-established
rotation around the 3D major axis, therefore our frac-
tion of prolate rotators is not easily comparable to the
observed one. Our sample accounts for less than 1 % of
examined Illustris galaxies. Tsatsi et al. (2017) found a
volume-corrected fraction of about 9 % of prolate rota-
tors in the CALIFA kinematic sub-sample of 81 galaxies
(Falco´n-Barroso et al. 2017), and they derived about
12 % fraction for ATLAS3D sample of ETGs (Krajnovic´
et al. 2011).
Our fraction of prolate rotators would be only reduced
when observed due to the fact that prolate rotation can-
not be detected from all viewing angles (Sect. 2.7). How-
ever, we found that additional 193 galaxies with the
minimum (Lx/Ltot)
2 inside rmax (see Sect. 2.1) between
0.5 and 0.1 would have the average fraction of detec-
tion equal to 0.34 (for our default thresholds e > 0.1,
VX/VY > 1.2, and VX/σX > 0.1).
There are even several cases, where the galaxy has the
minimum (Ly/Ltot)
2 inside rmax higher than 0.5 and
such a galaxy would be seen as a prolate rotator from
many different lines of sight. The y-axis in this case
corresponds to the intermediate axis of the galaxy. Since
this type of rotation is not supposed to be stable in a
triaxial system, we do not expect it to survive for long.
Indeed, the three galaxies we found that look like quite
regular prolate rotators when viewed along the major
axis, all maintain the rotation around the intermediate
axis for less than 0.5 Gyr.
Moreover, some galaxies, that show oblate rotation in
the innermost or outermost parts but prolate rotation
for the rest of the body, can be classified as prolate ro-
tators as well (e.g., NGC 6338, Tsatsi et al. 2017; or
NGC 4365, Davies et al. 2001). Our selection criteria
are rather strict and account for galaxies that could be
called ‘regular prolate rotators’. Thus the fraction de-
rived from our sample is substantially lower than the
observed one. Also galaxies with low ellipticities can
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Figure 15. Maps of the values of the ellipticity, the ra-
tio of the rotation around the major axis to the rotation
around the minor one, VX/VY , and the ratio of the rotation
around the major axis to the dispersion, VX/σX , for lines of
sight covering the whole hemisphere for galaxy-1. The an-
gles (Θ,φ)=(0,0), (0,90) and (±90,0) correspond to the view
along the 3D minor, intermediate, and major axis, respec-
tively.
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be included when the position angle of the photometric
axis is well determined (e.g. NGC 5216 and NGC 4874,
Tsatsi et al. 2017).
Furthermore, we examined all galaxies with at least
104 stellar particles regardless of their morphology,
while the percentage of prolate rotators in CALIFA
and ATLAS3D is derived only for early-type galaxies.
Penoyre et al. (2017) used the method of Sales et al.
(2012) to measure the fraction of kinetic energy invested
in ordered rotation for all 4591 Illustris galaxies with
more than 2 × 104 stellar particles and classified 3207
galaxies as elliptical, corresponding to a quite high frac-
tion of 70 %. They also stress difficulties in assigning the
morphological type for lower-mass galaxies in Illustris
as described in Section 2.3 of Penoyre et al. (2017). To
mimic the selection procedure of ETGs in the CALIFA
or ATLAS3D sample with Illustris galaxies would be
quite demanding and we did not attempt it here.
3.2. Sample mass distribution
The mass distribution of the sample of Illustris prolate
rotators seems to follow the same trend as the observed
ones do. As pointed out in Tsatsi et al. (2017), when
considering only ETGs with the stellar mass higher than
2×1011 M, the fraction of prolate rotators increases to
27 % for the CALIFA sample and to 23 % for ATLAS3D.
The first results of the M3G project (MUSE Most Mas-
sive galaxies) suggest that more than a half of very-high-
mass galaxies rotate in a rather prolate manner (8 pro-
late, 5 oblate, and 1 non-rotators; Emsellem, conference
presentation4). Fig. 4 shows that in Illustris massive
galaxies are more likely to have prolate rotation than
the less massive ones.
3.3. Origin of prolate rotation
For at least 40 out of 59 Illustris galaxies with well-
established rotation around the 3D major axis, the emer-
gence of prolate rotation is well correlated with the time
of the last significant merger (Fig. 7). Four galaxies
did not experience any significant merger (i.e. with the
mass ratio above 0.1). One of them is about to be swal-
lowed by a galaxy approximately 10 times more massive
and the prolate rotation is probably caused by the tidal
deformation in the vicinity of the massive galaxy act-
ing on a galaxy that already had a prolate shape. The
other three have rather prolate shapes and rather high
but fluctuating values of (Lx/Ltot)
2 for many Gyr; one
seems to be experiencing an increase of prolate rotation
due to an ongoing merger with a slightly less massive
4 http://www.astroscu.unam.mx/galaxies2016/
presentaciones/Miercoles/Cozumel2016_Emsellem.pdf
galaxy, for the other two we were unable to identify the
reason for the increase.
Concerning the 15 galaxies with weak correlation be-
tween the time of the merger and the time kinematic
transition, two experienced several simultaneous or sub-
sequent mergers during a short period of time and the
prolate rotation emerged already during the penultimate
merger and was strengthened or at least not destroyed
by the last one; one galaxy has had a prolate shape and
rotation for more than 10 Gyr but a merger 4.3 Gyr ago
seems to be crucial for the galaxy to maintain the pro-
late rotation until the end of the simulation; 1–4 galax-
ies have prolate rotation emerged during a merger event
but something, most likely nearby galaxies, caused a
temporary drop in (Lx/Ltot)
2 shifting the time of kine-
matic transition to more recent times; 4–7 galaxies seem
to be strongly influenced by a close flyby, by an on-
going merger or by a ‘near-merger’ at the time when
the prolate rotation was created or strengthened (where
by ‘near-merger’ we mean a situation when a smaller
galaxy was almost swallowed by our prolate rotator but
its small core survived and managed to escape, so the
galaxy does not appear in the merger tree of the exam-
ined galaxy); for several galaxies the origin of prolate
rotation remains unknown.
All these galaxies, including the four galaxies without
a significant merger but excluding the two with prolate
rotation emerging during the preceding merger, have a
common feature: the galaxies already had a rather pro-
late shape, usually for several Gyr (with possible shape
fluctuations) before prolate rotation arose. The prolate
shape was built during an early formation epoch or dur-
ing a significant merger. Some of these galaxies already
experienced periods of prolate rotation before the final
kinematic transition.
3.4. Merger parameters
Even though mergers appear to be the main cause
for the emergence of prolate rotation, there seem to be
no strongly favored initial conditions of such a merger.
In comparison with the twin sample (Sect. 2.4), prolate
rotators result from more radial mergers. They also ex-
perience slightly more mergers with higher mass ratio
and more recent mergers resulting in a slightly higher
fraction of remnants with lower postmerger gas frac-
tion (Fig. 13). Despite these trends, the mergers, which
are probably responsible for prolate rotation, cover a
wide range of initial conditions in terms of the mass ra-
tio (0.2–1), merger time (0-8 Gyr ago), postmerger gas
fraction (0-0.9), radiality of the orbit and the relative
orientations of spins of the progenitors and the orbital
angular momenta (Sect. 2.3, Figs. 9 and 10).
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Figure 16. Histograms of the orientation of the spin of
the primary progenitor before the merger with respect to
the postmerger major axis for all 55 last significant mergers
for the prolate rotators compared to the 40 last significant
mergers of the twin sample.
The major axis of the emerging prolate rotators is set
by the direction from which the progenitors approach
each other at the end of the merger (Fig. 11). How-
ever, even the orientation of the spin of the primary
progenitor before the merger with respect to the post-
merger major axis, α(Lp,premerger, Xpostmerger), covers a
full range of possible values. It probably just slightly
prefers more parallel orientations but more interestingly,
for the twin sample the parallel orientations seem to be
disfavored, as illustrated in Fig. 16. This suggests that
prolate rotators can emerge from a variety of possible
α(Lp,premerger, Xpostmerger), but if the orientation is par-
allel, the creation of the prolate rotation is favored. This
would be possible even if the parallel orientation is gen-
erally (in Illustris) disfavored, at least for the given set
of masses and flattening of the galaxies. Our results thus
indicate that the ‘polar merger’ scenario recently advo-
cated by Tsatsi et al. (2017) may be only one of many
possible channels for the formation of prolate rotators.
We emphasize that Illustris data show that, contrary
to previous conjectures (e.g., Tsatsi et al. 2017; Li et al.
2018), prolate rotators can be created in wet, not only
dry, mergers: 44 % of our prolate rotators have gas frac-
tions higher than 0.5 at the end of the last significant
merger (bottom panel of Fig. 9). In some cases, new
stars formed during the merger can be seen as an edge-
on disk in xy plane (plane of the 3D major and inter-
mediate axes) aligned or mildly tilted with respect to
the minor projected axis (see the bottom right panel of
Fig. 14). In many cases, the new stars even follow the
prolate shape of the galaxy and sometimes they account
for most of the x-component of the angular momentum
at z = 0. Only for two galaxies the rotation of new stars
is in the opposite direction to the majority of rotation
around the 3D major axis.
4. CONCLUSIONS
We used the publicly available data of the large-scale
cosmological hydrodynamical simulation Illustris and
analyzed all 7697 galaxies with more than 104 stellar
particles in the final output (redshift z = 0) of the
Illustris-1 run.
We identified a sample of 59 galaxies with a well-
established rotation around the 3D major axis. All but
one galaxy maintain prolate rotation for less than 7 Gyr
and the majority of the sample for less than 3 Gyr.
The mass distribution of the sample shows a clear
trend for prolate rotators to be more abundant among
more massive galaxies (Fig. 4), which is consistent with
observations (Tsatsi et al. 2017; Krajnovic´ et al. 2011).
The time of emergence of prolate rotation is strongly
correlated with the time of the last significant merger
(i.e. a merger with the mass ratio of at least 0.1; Fig. 7).
Some prolate rotators seem to be related to an ongoing
merger, a non-merger interaction, or they have unclear
origin. In the cases when prolate rotation occurs without
an associated merger event, a pre-existing rather prolate
shape seems to be a necessary condition.
The last significant mergers have slightly more radial
orbits, higher mass ratios, and more recent times than
the mergers in a comparison sample of twin galaxies
(Fig. 13). However, the mergers of prolate rotators cover
a wide range of initial conditions in terms of the mass
ratio, merger time, radiality of the orbit, and the relative
orientations of spins of the progenitors and the orbital
angular momenta (Figs. 9 and 10).
The formation of prolate rotators via a merger event
seems to be related to the final stages of the merger, in
which the major axis of the arising prolate rotators is
being established (Fig. 11). The actual creation of the
prolate rotation seems to depend on the details of the
merger evolution that are not easily inferable from the
initial conditions of the merger.
About half of our sample of Illustris prolate rotators
were created during gas-rich mergers. New stars usually
support the prolate rotation. They preferentially settle
in the plane of the 3D minor and intermediate axes in
a form of a disk or, more often, in a form of a thicker
ellipsoid.
There is a high incidence of shell galaxies, with the
axis of stellar shells well-aligned with the major pro-
jected axis, among both, observed (about 40 %) and
Illustris (24–50 %) prolate rotators (Sect. 2.6), which
also supports their merger origin.
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